The thoracic spine consists of a unique osteoligamentous complex. The costovertebral joints connect the VBs to the rib cage and to adjacent VBs. Articulations of the transverse process with the rib and the rib head to the VB provide spinal stability. The associated ligaments involved with these articulations are the costotransverse, superior costotransverse, radiate, and intraarticular ligaments (Fig.  2) . This complex provides significant stability compared with the cervical or lumbar spine. The normal ROM in the thoracic spine is 2 to 20°for flexion-extension, 12 to 18°f or lateral bending, and 4 to 16°for axial rotation.
tures and a posterior column consisting of the pedicles and dorsal structures. Although this provided an estimation of instability, it proved to be inadequately comprehensive over time. Twenty years later Denis 9 introduced a threecolumn model: the anterior column consists of the ALL and the anterior half of the VB; the middle column is composed of the posterior half of the VB and the PLL, and the posterior column is composed of the posterior elements (facet joints and associated ligamentous structures). In another model proposed by Benzel, 1 the VB is visualized as 27 smaller cubes. This 27-cube model takes into consideration the integrity of the VB; however, it does not evaluate the posterior elements (Figs. 3 and 4) .
The biomechanical properties of the thoracic spine differ from those of the cervical and lumbar spine. In the cervical and lumbar spine, the smallest functional unit consists of two VBs and the interconnecting soft tissue. In the thoracic spine, this functional unit is not as straightforward. There are connections between VBs and the rib cage. These consist of the costovertebral and costotransverse joints. Thoracic VBs are connected to adjacent vertebrae via bilateral costovertebral joints. 15, 20 The rib cage is the additional stabilizing component present in the thoracic spine. This sternal-rib complex has been described by Berg 6 as the fourth column. Oda, et al., 15 and Tacheuchi, et al., 20 have performed studies in which they used canine rib cage-thoracic spine complexes. In nondestructive testing, Oda, et al., sectioned the posterior elements at the T-6 and T-7 levels, and they observed an increase in the range of flexion and extension. With sequential sectioning of the costovertebral joints at T-7, a large increase in the neutral zone, lateral bending, and axial rotation resulted. After disruption of the rib cage, further increases in lateral bending and axial rotation were observed. Takeuchi, et al., in addition, concluded that the intervertebral disc regulates the stability of the thoracic spine in flexion-extension, lateral bending, and axial rotation. Reporting a series of experiments in which they used cadaveric torsos, Feiertag, et al., 10 found that the combination of rib head resection and radical discectomy provided significant increases in thoracic spine motion. A thoracic discectomy (with preservation of the PLL), complete unilateral rib head resection, or a unilateral total facet excision, however, did not cause a significant increase in motion if performed individually.
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SURGICAL APPROACHES
There are basically three approaches to the thoracic spine: 1) posterior, 2) posterolateral, and 3) anterior (Fig.  5) . From a biomechanical perspective, many of these have similar characteristics. It should be kept in mind that no single strategy for determining stability of the spine is comprehensive or thorough in its evaluation. The methods of Holdsworth, 11 Denis, 9 and Benzel 1 should be used as guideposts to aid in the thorough process of evaluating spinal stability.
Posterior Approach
Laminectomy.The initial approach used to treat thoracic disc herniation was a laminectomy. In 1952 Logue 14 A. E. Wakefield, M. P. Steinmetz, and E. C. Benzel Benzel, 1995. reported that the results were poor and a significant number of the patients were left paraplegic after using this approach. 4 Thus, laminectomy is not recommended for thoracic disc herniation, although it may still be used for thoracic spondylosis. Whereas the posterior tension band is adversely affected, the remaining structures are left intact (that is, the anterior and middle columns in Denis' three-column model 9 and the 27-cubes in Benzel's model 1 are undisturbed (Fig. 5A ). The fourth column (sternal-rib complex) of Berg is also not disrupted. Therefore, significant spinal instability should be uncommon when this surgical approach is used. Transpedicular.This approach was described in 1978 by Patterson and Arbit. 19 The structures affected by this approach are the facet joint, the pedicle caudal to the disc space which is drilled flush with the VB, and the VB itself. The extent of VB removal usually only involves a cross-sectional area loss of 1.5 to 2 cm and is limited to the lateral aspect of the VB (Fig. 5B) . Structures affected by this approach are the facet joint, the pedicle, and the posterolateral aspect of the disc. Depending on the extent of the laminectomy performed, the posterior tension band may be preserved. The unilateral resection of the facet joint, pedicle and the postero-lateral removal of the annulus fibrosus and disc should not destabilize the spine. Takeuchi, et al., 20 demonstrated an increase in flexionextension, lateral bending, and axial rotation following
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Biomechanics of thoracic discectomy thoracic discectomy in a canine model. They performed an anterior approach, however, with disruption of the ALL. As with laminectomy, the fourth column of Berg is preserved when using this approach, and significant support for the thoracic spine remains. Patients, however, have reported localized back pain postoperatively. Removal of the pedicle has been implicated as the cause of this pain.
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Transfacet Pedicle Sparing. Stillerman, et al., 19 described the transfacet pedicle-sparing approach in 1995. The pedicle is spared, as the term implies. Exposure is obtained via a keyhole facetectomy. Therefore, only a partial facetectomy is performed. The facet-pedicle complex is preserved with this technique, which has been shown to improve outcome relating to axial pain. 19 Additionally, there is minimal disruption of anterior and posterior spinal elements so that spinal instability is uncommon.
Lateral Approaches
The Lateral Extracavitary Approach.This approach was developed by Capener and refined by Larson, et al. 13 The proximal 8 to 12 cm of rib is resected. The pedicle caudal to the desired disc space is partially or completely removed (Fig. 5D ). The disc space is evacuated and the PLL is taken down. The dorsocaudal quarter of the rostral vertebra and the dorsorostral quarter of the caudal vertebra are drilled out. The costotransverse joints are removed. This provides access for discectomy and, if appropriate, bone stock fusion.
Costrotransversectomy. Menard initially described the costrotransversectomy in 1894 for the treatment of Pott disease. 2 A costotransversectomy is similar to the lateral extracavitary approach, but more of a posterior approach is required (Fig. 5C) . Essentially, the same procedure is performed as with the lateral extracavitary approach but with a more limited rib resection. Also of note is that the lateral extracavitary approach allows the surgeon to access the VB from beneath the erector spinae muscle, whereas the costotransversectomy approach provides access to the VB via a route medial to this muscle.
The authors of studies performed in animal and human cadaver models have shown that there is a significant increase in the ROM in all planes after resection of the rib, costovertebral and costotransverse joints, pedical, PLL, and the annulus fibrosus and disc. 10, 15, 20 In Benzel's 27-cube model 1 sufficient anterior support is usually present. If the posterior tension band or the sternal-rib complex that support the spine are disrupted, however, fusion is warranted. If the anterior column requires reconstruction, the resected rib may be used for fusion.
Anterior and Anterolateral Approaches
Transthoracic Thoracotomy. This approach was described by Craaford, et al., 8 in 1958 and was later refined by Ransohoff, et al., 18 and Perot and Munro 17 in 1969. The transthoracic approach provides excellent exposure of the anterolateral thoracic spine and is particularly useful for centrally located calcified disc herniations or for multilevel exposure (Fig. 5E) . A rib is partially resected, usually at the level above the disc space, and a thoracotomy is performed. This approach involves resection of the caudal pedicle (optional), the costovertebral joint, the anterolateral annulus fibrosus and disc, and the PLL. The rostral and caudal VBs are removed, to a varying degree, for exposure. Because the posterior elements are not disrupted, the posterior tension band is preserved. Similar to the lateral extracavitary and the costotransversectomy approaches, however, the middle and anterior columns are interrupted, as is the anterior load-bearing capability. Many authors have advocated fusion because of the risk of delayed kyphosis. Benzel's 27-cube model 1 is useful to determine the anterior load-bearing capacity under these circumstances (Fig. 6) .
Transsternal Thoracotomy. In this approach, the sternum is split and the upper thoracic spine approached anteriorally. The working space is between the left common carotid artery and the brachiocephalic artery, the trachea, esophagus, and thyroid gland. This approach is truly anterior. The ALL, annulus fibrosus, and disc are disrupted. The PLL is also usually removed. Takeuchi, et al., 20 using a canine model, demonstrated a significant increase in the ROM following anterior discectomy. The ROM was further increased after resection of the rib head. In this approach, the rib head is not resected, but the integrity of the sternal-rib complex is violated because of the splitting of the sternum. Placement of a bone graft is warranted to re-A. E. Wakefield, M. P. Steinmetz, and E. C. Benzel Benzel, 1995. establish the integrity of the anterior and middle columns to prevent delayed kyphosis.
CONCLUSION
The thoracic spine has unique anatomical and biomechanical properties that are distinct from the cervical and lumbar spine. Several factors must be evaluated when determining the stability of the thoracic spine. The kyphotic curvature yields a natural-occurring moment arm anterior to the spine. Forces are therefore perpetually present that tend to increase the kyphosis if the anterior column is not preserved or is weakened because of surgery. The sternal-rib complex (the fourth column) provides significant support for the thoracic spine. Even unilateral disruption can cause an increase in the ROM in all planes. Finally, the integrity of the vertebral column must be figured into the evaluation. The quality of the bone, the kyphotic angle, and whether a scoliotic curve is present have an impact on the stability of the spine following discectomy. As stated previously, no single method of evaluating spinal stability is comprehensive or complete, and like many aspects of spine surgery, it is the surgeon's experience and judgment that ultimately determine.
